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Objective: Reoperative median sternotomy entails a risk of damaging the heart or great vessels. If the severity of
retrosternal adhesion is accurately assessed before sternal re-entry, resternotomy-related complications can be
prevented. The purpose of this investigation was to evaluate whether the severity of retrosternal adhesions can
be accurately predicted by tagged cine magnetic resonance imaging.
Methods: Thirteen patients who were scheduled to undergo cardiac reoperation were investigated by electrocar-
diography-gated tagged cine magnetic resonance imaging before sternal re-entry. With the imaging data, the se-
verity of retrosternal adhesion was scored visually on the basis of abnormality in regional myocardial motion and
discordance in the tagged signals of the sternum and the myocardium. Also, with the aid of a finite element model,
strain at the surface of the right ventricle was calculated on the basis of displacement of the tags on the heart over
the cardiac cycle. For comparison, the adhesion severity was scored visually at the time of redo surgery by sur-
geons who were blinded to the preoperative assessment.
Results: The preoperative adhesion severity score, as determined visually by tagged cine magnetic resonance
imaging, was correlated with the intraoperative severity score (correlation coefficient: r ¼ 0.76, P< .01).
Mean strain at the surface of the heart, as calculated preoperatively by finite element model analysis, was inversely
correlated with the intraoperative adhesion severity score (r ¼0.78, P< .01).
Conclusion: Tagged cine magnetic resonance imaging with a finite element model can provide an accurate quan-
titative assessment of retrosternal adhesions before redo cardiac surgery.E
TRe-entry into the mediastinum via median sternotomy en-
tails a risk of damaging the heart or great vessels when retro-
sternal adhesions are present. The prolonged surgical time
required to achieve adhesiolysis and the resultant increase
in blood loss are clearly associated with increased postoper-
ative mortality and morbidity.1-3 Some authors have recom-
mended that the access routes for venous drainage and
arterial return should be ensured2,4 before resternotomy,
whereas others have recommended that the approach for di-
viding the sternum bemodified.5,6 If the severity of retroster-
nal adhesion is accurately assessed before sternal re-entry,
the resternotomy approach can be appropriately planned to
avoid hazardous complications arising from the resternot-
omy, such as excessive blood loss or neurologic damage.
Computed tomography (CT) can be used to evaluate the
anatomic relation between the chest wall and the heart and
has been shown to be useful in predicting the risk associated
with resternotomy.4,7-9 However, the proximity of the heart
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doi:10.1016/j.jtcvs.2008.10.036The Journal of Thoracic andto the posterior aspect of the sternum is not clearly linked to
the severity of adhesion. Conventional CT images lack a dy-
namic component for evaluating the degree of adhesion;
thus, CT is suboptimal for assessing adhesion around the
heart. There is thus an imperative to develop an accurate
way of predicting the severity of retrosternal adhesions.
Kojima, Yamada, and Goto10 described the case of a patient
with constrictive pericarditis that was accurately diagnosed
in a noninvasive manner by tagged cine magnetic resonance
imaging (MRI), which suggests that the same imaging
methods could be used to assess retrosternal adhesions. Inas-
much as the cine MRI tags, that is, grids, serve as markers of
location, it seems likely that displacement of the tags during
the cardiac cycle would be closely related to the extent of ad-
hesion between the sternum and the surface of the right ven-
tricle. If the adhesion is weak, the movement of the right
ventricle should be less constrained; therefore, the positions
of the tags would change dynamically during the cardiac cy-
cle. It is thus possible that the severity of adhesion could be
assessed preoperatively on the basis of the displacement of
the grids.
We hypothesized that if tagged cine MRI accurately re-
flected the dynamic component of retrosternal adhesions,
then evaluation of strain using finite element model analysis
could be used to objectively quantify the severity of adhe-
sions. Finite element analysis is a computational technique
that provides approximate solutions of partial differential
equations in mathematical physics and therefore is usedCardiovascular Surgery c Volume 137, Number 4 957
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TAbbreviations and Acronyms
CT ¼ computed tomography
FOV ¼ field of view
MRI ¼ magnetic resonance imaging
TR/TE ¼ repetition time/echo time
for a variety of physical analyses in structural, fluid, thermal,
and electromagnetic working environments. Recently, its
application has involved not only the traditional mechanical
engineering disciplines such as aeronautical and automotive
industries but also the biomechanical discipline, for exam-
ple, stress analysis in blood vessels and fluid analysis in
the systemic circulation.
The purpose of this investigation was to determine
whether the severity of retrosternal adhesions can be objec-
tively assessed by tagged cine MRI and finite element model
analysis.
PATIENTS AND METHODS
Thirteen patients scheduled for cardiac reoperation were investigated by
electrocardiography-gated tagged cine MRI 1 week before sternal re-entry.
Informed consent was obtained from all patients. Approval of the study pro-
tocol by the institutional review board was waived. The patient demograph-
ics are summarized in Table 1.
MRI Protocol
Electrocardiography-gated MRI was performed in all patients with a 1.5-
T imager (Magnetom Vision; Siemens, Erlangen, Germany) and a circular
polarized body array flex coil. T1-weighted, cine and tagged cine MRI se-
quences were obtained. For each sequence, the same transaxial slices were
obtained at 10-mm intervals, from the level of the right ventricular outflow
tract to the level of the apex. T1-weighted sequences were obtained by the
black blood spin-echo method. The imaging parameters for T1-weighted
imaging were as follows: repetition time/echo time (TR/TE), 660/30; field
of view (FOV), 250 mm; scan matrix size, 150 3 256; slice thickness,
5 mm; slice gap, 5 mm. CineMRI was conducted by the segmented K space958 The Journal of Thoracic and Cardiovascular Sugradient echo method. The imaging parameters for cine MRI were as fol-
lows: TR/TE, 80/4.8; flip angle, 20; FOV, 250 mm; scan matrix size,
140 3 256; slice thickness, 5 mm; slice gap, 5 mm. Tagged cine MRI se-
quences were obtained by loading magnetic labels in the form of an
8-mm lattice using a rest grid pulse. The imaging parameters for tagged
cine MRI were as follows: TR/TE, 90/4.0; flip angle, 15; FOV, 250 mm;
scan matrix size, 162 3 256; slice thickness, 6 mm; slice gap, 4 mm.
MRI Analysis
First, T1-weighted MRI was used to evaluate the anatomic relation be-
tween the sternum and the heart and to determine whether pericardial effu-
sion was present. When pericardial effusion or a gap between the sternum
and the heart was detected, no further assessments of adhesion were per-
formed for that patient. Next, using the cine MRI sequences, we focused
on the anterior aspect of the right ventricle adjacent to the posterior plane
of the sternum and monitored its movement over a cardiac cycle. By means
of the tagged cine MRI sequences, the severity of retrosternal adhesion was
visually scored as 0, 1, or 2 on the basis of the dynamics of the lattices on the
sternum and the anterior aspect of the right ventricle (consisting of either
pericardial substitute or autopericardium) (Figure 1). A score of 0 was
equivalent to no adhesion: the lattices appeared deranged during the systolic
phase as a consequence of displacement of the anterior aspect of the right
ventricle. A score of 1 indicated mild adhesion: the lattices were distorted
to a limited extent during the systolic phase. A score of 2 indicated severe
adhesion: the lattices on the anterior aspect of the right ventricle remained
unchanged throughout a cardiac cycle. Two independent radiologists read
the MRI data.
Preliminary study on this assessment revealed good interobserver agree-
ment with k ¼ 0.83  0.22.
Assessment of Retrosternal Adhesion by Finite
Element Analysis
We excluded any cross-sectional cine MRIs with artifacts arising from
surgical steel wires. From the remaining images, we then selected one image
from the diastolic phase and another from the systolic phase and measured
the XY coordinates of 18 nodes on the posterior of the sternum and the sur-
face of the right ventricle using ScionImage (Scion, Frederick, Md). In this
way, we obtained measures of XY displacement over the cardiac cycle
(Figure 2, A). A finite element model was constructed on the basis of the
measured XY data sets for the diastolic phase image, using 2-dimensional
triangular elements to obtain strain fields for the posterior of the sternum
and the surface of the right ventricle. Nodes 1 to 4 were constrained in allTABLE 1. Patient demographic data
Patient No. Age (y) Sex Previous operation Interval (y) Pericardial substitute Present operation
1 75 M CABG 7 ePTFE TAR, AVR
2 61 M ICR 43 Auto ASD closure
3 61 F OMC 16 Auto MVR
4 35 M ICR 26 None TCPC
5 67 M AVR 12 ePTFE Root
6 72 F Pericardiotomy 7 ePTFE Root
7 66 M AVR, MVR 22 None Root, MVR
8 75 F MVR 6 ePTFE MVR
9 30 F VSD 24 Auto ICR
10 58 M MVP 0.2 Auto MVR
11 42 F VSD 38 Auto MVR
12 45 F TAR 0.2 ePTFE Asc Ao
13 49 M MVR 19 ePTFE AVR, MVR
CABG, Coronary artery bypass grafting; ePTFE, expanded polytetrafluoroethylene; TAR, total arch replacement; AVR, aortic valve replacement; ICR, intracardiac repair;
ASD, atrial septal defect; OMC, open mitral commissurotomy; Auto, autopericardium; MVR, mitral valve replacement; TCPC, total cavopulmonary connection; Root, aortic
root replacement; VSD, ventricular septal defect repair; MVP, mitral valve plasty; Asc Ao, ascending aorta replacement.rgery c April 2009
Yoshioka et al Evolving TechnologyFIGURE 1. Adhesion severity scores were determined by tagged cine MRI sequences. Scores were determined visually on the basis of the dynamics of the
lattices overlaid on the sternum and the anterior aspect of the right ventricle. 0, No adhesion (lattices appeared deranged during the systolic phase as a con-
sequence of displacement of the anterior aspect of the right ventricle); 1, mild adhesion (lattices were distorted to a limited extent during the systolic phase); 2,
severe adhesion (lattices on the anterior aspect of the right ventricle remained unchanged over a cardiac cycle).E
Tdirections and nodes 5 to 18 were displaced according to the measured XY
displacement. Poisson’s ratio was set at 0.49 and Young’s modulus was set
at an arbitrary value of 100 Pa. Strain was expressed as an average value for
nodes 5 to 18. Finite element analysis was performed using ANSYS 7.0
(Ansys, Tokyo, Japan). Figure 2, B, shows a representative distribution of
strain in the retrosternal area.
Intraoperative Assessment of Retrosternal Adhesion
The retrosternal adhesions were graded with severity scores of 0, 1, or 2
during re-entry into the mediastinum. The scores were assigned by experi-
enced cardiovascular surgeons who were blinded to the preoperative MRI
assessments. An intraoperative adhesion score of 0 corresponded to no ad-
hesion or a situation in which blunt dissection was sufficient to lyse the ad-
hesion. A score of 1 indicated mild adhesion requiring sharp dissection at
some points. A score of 2 indicated severe adhesion requiring sharp dissec-
tion over a broad area of the anterior mediastinum.
The time from division of the sternum to initiation of cardiopulmonary
bypass was also recorded to obtain an indirect index of the severity of adhe-
sion. The relations between this value and the adhesion scores and strain cal-
culated by the finite element model was analyzed.
Statistical Analysis
Dr. SPSS II for Windows (SPSS Japan, Tokyo, Japan) was used for all
statistical analyses. The Spearman rank correlation test was used to examine
the correlation between preoperative and intraoperative retrosternal adhe-
sion scores. The correlation between time to initiation of cardiopulmonary
bypass and adhesion score was analyzed by the Pearson product moment
correlation coefficient. The correlation between time to initiation of cardio-
pulmonary bypass and strain was examined by polynomial regression
analysis.
RESULTS
There were no cases of profound heart damage during
re-entry to the mediastinum in this series. The preoperative
adhesion score, as determined by tagged cine MRI, was
correlated with the intraoperative adhesion score (r ¼ 0.76,
P< .01, Table 2).The Journal of Thoracic andMean strain at the surface of the heart, as calculated by a fi-
nite element model, was inversely correlated with the intra-
operative adhesion score (r¼0.78, P<.01; Figure 3). The
intraoperative adhesion score correlated with the time to
initiation of cardiopulmonary bypass (r ¼ 0.64, P< .01,
Figure 4, A). Time to initiation of cardiopulmonary bypass
was inversely correlated with mean strain at the surface of
the heart (r ¼0.76, P< .01, Figure 4, B).
DISCUSSION
Our results demonstrate that tagged cine MRI is useful for
evaluating retrosternal adhesion before redo cardiovascular
surgery. In particular, our results show that tagged cine
MRI together with a finite element model can provide an ac-
curate quantitative assessment of adhesion in the retrosternal
field and its spatial distribution with color images. By these
methods, it is possible to predict the time required for adhe-
siolysis and to indicate the most dangerous area for dissec-
tion of tight adhesion.
CT has been conventionally used to grossly evaluate the
extent of adhesion between the chest wall and the
heart. 4,7-9 Lahtinen and associates7 concluded that the pres-
ence of adipose tissue between the sternum and the surface
of the heart indicates mild adhesion in that area, whereas
fibrous scar tissue or the absence of any tissue between these
structures is associated with severe adhesion. Duvernoy and
colleagues8,9 also focused on the presence of adipose tissue
in the retrosternal area and found that their preoperative CT
assessments agreed with the intraoperative evaluations in 12
of 15 patients undergoing redo surgery. Practically, the pres-
ence of adipose tissue as evaluated by CT makes preopera-
tive assessment of adhesion straightforward; however, the
absence of adipose tissue, the proximity of the heart to theCardiovascular Surgery c Volume 137, Number 4 959
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Tposterior aspect of the sternum, does not necessarily dictate
the severity of adhesion. Conventional CT images lack a dy-
namic component for evaluating the degree of adhesion.
These authors also evaluated the efficacy of MRI for assess-
ing adhesions and concluded that MRI was not useful in this
context because of the prominent artifacts generated by ster-
nal steel wires. Interference from these steel structures is cer-
tainly a major drawback of MRI in this situation; in fact, we
had to exclude the area around the steel wires in our MRI as-
sessments. However, these artifacts were not ultimately
a major problem with our method, which is based on the
dynamic aspect of adhesion.
Recently, stronger magnetic fields have begun to be used
in cardiovascular medicine. Improvements in both imaging
FIGURE 2. Analysis of strain at the surface of the right ventricle by tagged
cine MRI sequences and a finite element model. A, Eighteen nodes were se-
lected on the posterior plane of the sternum and the surface of the right ven-
tricle. Nodes 1 to 9 were on the sternum, and nodes 10 to 18 were on the
right ventricle. B, Representative distribution of strain in the retrosternal
area. In the upper image, the triangles delineated with dotted lines are the
diastolic elements (ie, before displacement of the nodes) and those delin-
eated with solid lines are the systolic elements (ie, after displacement of
the nodes). In the lower image, the fields subject to the highest levels of
strain are colored red, and those subject to the lowest levels of strain are
colored blue.960 The Journal of Thoracic and Cardiovascular Surtechnologies and systems for subsequent analysis have en-
hanced the usefulness of MRI studies.11,12 The development
of high-speed imaging technology has meant that cine MRI
can now be used to evaluate cardiac function and the viabil-
ity of ischemic myocardium.13-15 When tagged lattices are
overlaid on the myocardium during cine MRI, abnormal re-
gional wall motion can be visualized and quantified via
strain analysis.16-19 Not just myocardium, but also relatively
thin pericardium can also be analyzed in this way.10,20 In the
present study, we used tagged cine MRI for the assessment
of retrosternal adhesion after previous cardiovascular sur-
gery. To the best of our knowledge, this is the first time
tagged cine MRI has been used in this way. We observed
that strong retrosternal adhesion restricted right ventricular
motion, which is in accord with the observation that right
ventricular function is compromised by postoperative adhe-
sion of the anterior wall to the chest wall.21,22 The excellent
correlation between the visual preoperative and
TABLE 2. Preoperative versus intraoperative adhesion scores
(r ¼ 0.764, P<.01)
Preoperative score
0 1 2
Intraoperative score
0 4 2
1 1 1
2 1 4
Preoperative adhesion scores were determined visually by tagged cineMRI sequences.
Intraoperative adhesion scores were determined visually by a surgeon who was
blinded to the preoperative MRI assessments.
FIGURE 3. Inverse correlation between mean strain at the surface of the
right ventricle and intraoperative adhesion score (r¼0.78, P<.01). Strain
was calculated preoperatively by tagged cine MRIs and a finite element
model. Intraoperative adhesion scores were determined visually by a sur-
geon who was blinded to the preoperative MRI assessments.gery c April 2009
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Tintraoperative severity scores indicates that tagged cine MRI
could be used as a reliable noninvasive method for predict-
ing the severity of retrosternal adhesions.
Beyond the simple visual assessments, application of a fi-
nite element model allowed us to quantify strain in the field
of the anterior mediastinum. The colored strain map that is
produced during this analysis is an easily comprehensible
summary of the adhesion situation. We believe that inclu-
sion of a dynamic component represents a great advance
in assessing retrosternal adhesion. However, there remains
FIGURE 4. A, Correlation between intraoperative adhesion score and time
to initiation of cardiopulmonary bypass (CPB) (r ¼ 0.64, P< .01). B, In-
verse correlation between time to initiation of CPB and mean strain at the
surface of the right ventricle (r ¼0.76, P< .01, y ¼ 75.6 248log(x).
Time to initiation of CPB is an indirect measure of the time required for lysis
of adhesions. Strain was calculated preoperatively by tagged cine MRIs and
a finite element model. Intraoperative adhesion scores were determined vi-
sually by a surgeon who was blinded to the preoperative MRI assessments.The Journal of Thoracic and Cpotential for this technique to be improved further. First,
in the present study we selected a single transaxial slice
for analysis. We were restricted as to the number of slices
that could be assessed because many slices had artifacts aris-
ing from steel wires or were unsuitable for use because of
limitations with respect to the performance of the MRI appa-
ratus. It is possible, of course, that a single plane will not be
representative of other planes. Also, we calculated only the
XY coordinates of the selected nodes and did not measure
displacement in the Z axis. Inasmuch as the heart moves
in 3 dimensions, 3-dimensional analysis and visualization
would be required for more accurate analysis. The HARP
imaging method18,19 and further improvement in resolu-
tion23 may resolve the issues mentioned herein.
In summary, tagged cine MRI can be used to predict ret-
rosternal adhesion before redo surgery. Strain in the retro-
sternal area, a quantitative measure of the severity of
adhesion between the sternum and the anterior surface of
the heart, can be calculated by application of a finite element
model. Further studies are required to determine whether
preoperative cine MRI changes operative decision making
and reduces complication rates of redo sternotomy.
We express our appreciation to Dr Masako Komatsu for her ad-
vice on statistical analysis.
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